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Reaction centers with both light harvesting complexes 1 and 1T (B875 and BS00/850; i.c.. RCLH,LH,, complexes) hive been
isolated from Rhodobacter sphacroides. These complexes have been incorporated into fiposs mes made from lipids purified (rom
Escherichia coli. The clectrochromic bandshift of carotenoids, present in these reconstituted complexes, shows shifted minima
and maxima with respect to a similar spectrum in chromatophores of Rb. sphacroides in a potassium diffusion potential induced
difference spectrum (see also Criclaard. W.. Hellingwerf. KJ. and Konings. W.N. (1989) Biochim. Biophys. Acta 973, 205-211).
The absorbance spectrum, at room temperature or at 77 K, of both membrance preparations did not. however, reveal difterences
in the carotenoid region. The long-wavelength carotenoid peak in both preparations is located at §13 nm (77 K). A small
diffcrence could be observed between the 77 K excitation spectra of the B850 fluorescence. Reconstituted complexes show a
carotenoid peak at 513 nm, whereas in chromatophores this peak is located at 514.5 nm. When fluoreseence was recorded at 803
nm, to detect BR0O excitation. there was a marked difference between both preparations. In liposomes the long wavelength,
B800-associated carotenoid prak is located at 512.5 nm, whercas in chromatophores this peak is located at 316 om. These results
explain the shifted minima and maxima in o potassium diffusion induced ditference spectrum in proteoliposomes, The prediction
of two carotenoid pools in chromatophores (Do Grooth, B.G. and Amese. 1. (1977) Biochim. Biophys, Acta 4602, 247-258) is
confirmed. and the ficld sensitive carotenoids are identificd as the pool that is assoctated with the BSOO band (Kramer, HLIM.,
Van Grondelle. R., Hunter, C.N., Westerhnis, W.H.I. and Amesz. 1. (1984) Biochim. Biophys. Acta 765, 150-105).

mecasurcement of actual changes of the membrane po-
tential. which is not possible with the widely used
distribution procedure of lipophilic jons since the diffu-
sion of these probes across the membrane is not suffi-
ciently fast (sce, for example, Refs, 3.5). Another ad-
viintage of the carotenoid bandshift s membranc po-
tential indicator is the lincar relationship between the
membrane potential and the absorption change [1]
which makes it possible to read directly the membrane
potential (change) in vivo.

Recently, it became also possible to use carotenoid
absorbance changes to record membrane potentials in

Intreduction

The electrochromic response of the  carotenoid
molecules associated with the antenna complexes of
Rhodospirillaceae has been widely used to determine
membrane  potential values  across membranes  of
photosynthetic bacteria [1-3]. The carotenoid absorp-
tion change has the advantage of a rapid response over
other methods for recording membrane potentials (see.
for example, Ref. 4). This method therefore allows
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mcmbrances in which carotenoids are not endogenously
present. After the reconstitution of pigment-protein
complexes from  Rhodobacter sphaeroides. containing
the light-harvesting-1F (LH ) complex of the antenna
system (to which the electric-ficld-sensing carotenoid is
bound, sce Rels. 0-8) into liposomes. potential-in-
duced absorbance changes of the associated carotenoids
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were observed [9). The importance of this development
is obvious: the sbility to measure membrane potential
changes on a rapid time scale can now be exploited in
non-photosynthetic membranes, By the membrane fu-
sion technique the bacterial reaction center/ antenna
complex can be introduced in membrances of fermenta-
tive bacteria [10]. The relation between the membrane
potential and the carotenoid absorbance change in the
reconstituted liposomal system is linear. as in native
photosynthetic membranes [1]. The potential-induced
difference spectrum of these reconstituted carotenoids
1s. however. shifted approx. 4-5 nm to shorter wave-
lengths with respect to the difference spectrum of Rb.
sphaeroides chromatophores [9]. Since (at room tem-
perature) no shifts can be observed 1n an overall ab-
sorhance specirum of the total pool of reconstituted
carotenoids (as is the case for lithium-dodecylsulphate
treated pigment-protein complexes from Rhodopseu-
domonas acidophila T11]) it was suggested that only the
ficld-sensitive {(presumably BOO) carotenoids display
an altered spectrum [9] The actual change in position
of the absorption peuak of the B8OO carotenoids might
be obscurcd by the (non-shifted) B850 and BR7S5
carotenoids (for explanation of the carotenoid nomen-
clature sce. for example. Ref. 12). There are strong
indications that two functionally diffcrent types of
carotenoid exist within the LH,, complex [12], one type
associated with the BROC. and one associated with the
B850. In chromatophores the magnitude of the clee-
trochromic signal 1s proportional to the amount of
LH, [8]. Since the B850 carotenoid pool is believed to
be structurally similar to the carotenoids in the B875
complex, which are nel ficld-sensitive. it has been
suggested that the B8CG carotenoids are the tield-sensi-
tive pigments.

Here we use and test these assertions in an attempt
to explain the observed difference between the band-
shift spectra of chromatophores and  reconstituted
RCLH | LH, complexes [9]. Since the field-sensitive
carotenaids are supposed o be the only carotenoids
that transfer encergy to B8OO, the excitation spectrum of
the emission of the BEOO should contain only this pool
of carotenoids. In order to obtain a pure excitation
spectrum of the BROO emission we performed tluores-
cence spectroscopy at low temperature (77 K. to ob-
tain B8OO emiission which is well separated from the
B8SO and BR7S emission (also. possible contamination
of the excitation speetrum by means of BRSO to B80OO
back-transfer is thus prevented),

Materials and Methods

Growth of Rb. sphacroides and preparation of chromato-
phores

Rb, sphaerordes, strain 2.4.1, was grown anacrobi-
cally at low light intensity (equidistant from two 60 W

tungsten lamps placed 50 cm apart) in 1 litre bottles in
the medium described by Sistrom [13] at 30°C. Cells
were harvested at an A, of approx. 3. washed twice
in 30 mM potassium phosphate (pH 7.6), 50 mM KCI, 8
mM MgCl.. 107 sucrosc and resuspended in this
huffer.

Chromatophores were prepared from these cells by
two successive passages through a French pressure cell
at 18000 psi, 0°C. Debris was removed from the prepa-
ration by low-spin centrifugation (30 min, 20000 x g,
0°C). Chromatophores were collected by ultracentrifu-
gation (1 h. 200000 X g, 4°C) and resuspended in 50
mM potassium phosphate (pH 7.6), 50 mM K1, 8 mM
MgCl,. 10% sucrose, to 1-1.5 mM bacteriochlorophyil
(BChl). The chromatophores were kept on ice until
farther use.

Isolution of pigment-protein complexes

Pigment-protein complexcs were isolated from chro-
matophures of Rh. sphaeroides according to a modified
procedure from Varga and Stachelin [14] as described
by Molenaar et al. [15] for Rhodopseudomonas palus-
tris. but using cholate instcad of n-octyl B-p-gluco-
pyranoside (octyl glucoside). The RCLH,LH ;-com-
plexes were extracted from the membranes with 1.5%
cholate in 50 mM potassium phosphate (pH 7.6), 50
mM KCl. 8 mM MgCl,, 109 sucrose plus 20 mM
K -EDTA for | h at 0°C. The mixture was vortexed
every 5 min during solubilization. Non-solubilized ma-
terial was removed by centrifugation (2 min in an
Eppendorf centrifuge). The supernatant (0.3 mi) was
layered on a Y ml lincar sucrose gradient with 10-50%
sucrose (w /v in S0 mM potassium phosphate (pH 7.6),
S0 mM KOl and 1.5% cholate. Gradients were cen-
trifuged in a Beckman SW 41 Ti rotor (19 h, 35000
rpm. 6°C). Pigmented bands were recovered from the
gradient, analyzed spectrophotos..ctiically (sec Ref. 15)
and kept on ice until further use.

Incorporation of pigment-protein complexes into lipo-
KOnes

Acctone-washed  Escherichia  coli phospholipids
(mainly phosphatidylethanolamine. Sigma, St. Louis,
MO, USA), dispersed in 50 mM potassium phosphate
(pH 7.6). S0 mM KT und 197 cholate, was sonicated to
clarity under a censtant stream of nitrogen gas at 0°C,
using a4 probe type sonicator (MSE Scientific Instru-
ments. West Sussex, UK) at an output of 2 um. After
the addition of pigment protein complexes (at a
BChl/lipid ratio of 40 nmol/mg) the mixturc was
dialysed at 4°C for 20 h against a 1000-fold volume of
50 mM potassium phosphate (pH 7.6), S0 mM KCI
(three changes). After dialysis the liposomes were
stored in 1 ml aliguots in liquid nitrogen, Before use,
the liposomes were thawed slowly at room temperature
and sonicated twice for 3 s at 0°C with tie probe-type



sonicator, at an output of 2 um. The liposomes were
concentrated in 50 mM potassium phosphate (pH 7.6),
50 mM KCI by ultracentrifugation (1 h, 200000 x g,
4°C) and again sonicated two times for 3 s (°C. 2 ym)
to remove aggregates.

Potassium diffusion potentialy

Potassium diffusion potentials, inside negative, were
induced in chromatophores and a concentrated sus-
pension of liposomes, by diluting the samples in 50 mM
sodium phosphate (pH 7.6), 50 mM NaCi (supple-
mented with 10% sucrose and 8 mM MgCl, in the case
of chromatophores) and adding 100 nM valinomycin.

Room-temperature absorbance changes

Absorbance difference (bandshift) spectra were
recorded and analyzed using a singlc-bcam Philips
PUST00 Secries UV /VIS <pectrophotometer. Spectra
were plotted using the medium smoothing mode. All
experiments were performed at 20°C in a 3 ml quartz
cuvette with continuous stirring.

Low-temperature absorbance and fluorescence-excitation
spectra

Low-temperature samples were prepared in 50%
glycerol, 20 mM Tris-HC! (pH 8.0), in 1 cm acrylic
fluorescence cuvettes. Samples were cooled using an
Oxford DN1704 liquid Nitrogen cryostat (equipped
with an ITC 4 temperature controller).

Low-temperature absorption spectra were recorded
on a Cary 219 spectrophotometer. Fluorescence meas-
urements were performed on a home-built fluorimeter
[16]. Fluorescence was detected at right-angles, through
a double f3.5 monochromator. using an EMI 9658
photomultiplier (cooled to — 30°C to reduce dark cur-
rent).

Absorption and excitation spectra were analyzed on
a Sun 4/280 minicomputer using a home-developed
program. Gaussian fits of spectra were deduced using
the Marquardt-Levenberg algorithm.

Analvtical procedures

Bacteriochlorophyll (BChl) was estimated at 772 nm
in acctonc /methanol extracts according to Clayton
[17}.

Results

Absorbance changes in chromatophores and reconsti-
tuted liposomes, induccd by an imposed membrane po-
tential

In intact bacterial cells and chromatophores the
electrochromic carotenoid absorbance changes show a
characteristic spectrum, which can be explained by a
shift (to higher or lower wavelength, dependent on the
direction of the externally applied field) of the ab-
sorbancc bands of a rcd-shifted fraction of the
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carotenoids [18.19] Such a characteristic spectrum
could also be observed after isolaiion and reconstitu-
tion of RCLH, LH,, complexes into liposomes (Fig. 1).
For comparison, also the spectral changes in the same
region were recorded for Rb. sphaeroides chromato-
phores {rom which the pigment-protein complexes were
isolated. Fig. | show: the result of these analyses.
Chromatophores  displayed a  diffusion-potential in-
duced diffcrence spectrum with maxima at 521, 488
and 458 nm and minima at 506, 472 and 442 nm (Fig.
1B). Liposomes containing RCLH,LH, complcxes
showed a similarly shaped difference spectrum (Fig.
1A), but with different maxima (499 nm and 467 nn")
and minima (517 nm, 482 nm and 451 nm).

AA

0005

440 480 520
B WAVELENGTH
(nm)

AA
0.015

N 1 N s

y 20
440 480 WAVELENGTH
{nm)

Fig. 1. Spectra of the carotenoid absorbance change induced by a K*
diffusion potential in chromatophores of Rb. sphaeroides and lipo-
somes  containing RCLH LE -complexes. K *-loaded  chromato-
phores and liposomes (reconstituted at 40 nmol BChl /mg lipid) were
diluted 50-fold into 2 ml 50 mM sodium phosphate (pH 7.6) 50 mM
NaCl (supplemented with 1077 sucrose and 8 mM MgSO;, in the case
of chromatophores). The figure shows the difference between spec-
tra before and after the addition of 10 nM valinomycin, (A)
RCLH, LH -liposomes, final BChl concentration, 8.8 u M: (B) Chro-
matophores. final BChl concentration, 36 y M.
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Fig. 2. Low-tempetature absorbance spectri of () Rb. sphideroides

chromatophores and (B) RCEH | LH - liposomes. Both samples were

prepared as described in Materials and Mcethods, Liposomes were

reconstituted at 30 nmol BChI/ mg lipid. Both spectra were recorded
at 77 K Guu., arbitrary units).

Absorbance spectia

A small blue-shift (4 nm) has recently been observed
in the absorption spectrum of carotenoids in the LH
complex from Rps. acidophila. upon incubation with a
low concentration of an ionic detergent (tithium dode-
cyl sulphite) [11] We thercforc investigated whether a
similar bluc-shift between (part of the) carotenoids in
chromatophores and in reconstituted RCLHLH -
liposomes was also observable in our preparations, The
peak positions of the carotenoids in the absorbance
spectrum of RCLH  LH -liposomes. at room tempera-
ture, do not differ mceasurably from those of Rbh.
sphaeroides chromatophores (data not shown). This is
also the case when the absorbance spectra are recorded
at 77 K (Fig. 2). Both membrane preparations display,
tor the long-wavclength carotenoid peak. an ab-
sorbance maximum at 513 nm. However, even at 77 K
the inferred shift of the field-sensitive B8OO carotenoids
iy be obscured by the other carotenoids in the sam-
ple (RC, B87S and BRSO), which are present in both
preparations abundantly and do not necessarily show a
shift identical 1o that of the field-sensitive carotenoids.

Fluorescence-excitation spectra

To identify the absorbance peaks of the BROO- and
B850-associated  carotenoids,  fluorescence-excitation
spectra were recorded at 77 K. Figs. 3 and 4 display
low-temperature  excitation  spectra of  respectively
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Fig. 3. Fluorescence-excitation spectra of Rb. sphaervides chromato-
phores. Dotted line: Emission detected at 860 nm. Solid line: Emis-
sion detected at 805 am. Dashed line: Emission detected at 910 nm.
The sample was prepared as described in materials and methods. Al
three spectra weie recorded at 77 K (a.u, arbutrary units).

chromatophores and RCLH | LH | -liposomes, when the
fluorcscence emission was detected at 850/860, 805
and 910 nm. Fig. 3 shows the excitation spectra of the
redmost absorption band of the carotenoid region of
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Fig. 4. Fluorcscence-excitation spectra of RCLH,LH -liposomes.

(A Emission detected at 850 nm. (B) Emission detected at 805 nm.

The sample were prepared as deseribed in Materials and Methods.,

Liposomes were reconstituted at 40 nmol BChl/mg lipid. Both

spectra were recorded at 77 K. The solid lines represent Gaussian
fits (.. arbitrary units).




chromatophores of Rb. sphaeroides (corrected for the
lamp spectrum). The excitation pcak detected at 910
nm (513 nm) illustrates LH, emission, which repre-
sents the sum of the contributions from all carotenoids,
including the B875 carotenoids, and appears at an
identical position as the absorption peak. Fron. Fig. 3
it is clear that the LH,, carotenoids contribute mainly
to the red side of the absorption band. Also, there is a
slight difference between the B8OO and B850 excitation
spectrum. The red side of the B800 excitation spectrum
is contaminated by the excitation spectrum of some
uncoupled pigments. This contamination, which was
variable in different preparations, had no significant
effect on the position of the maximum of the B8O
excitation spectrum.

The difference between the B80O and B850 ~xcita-
tion spectra (Fig. 3) is only small (514.5 vs. 516). This is
due partly to the fact that the B8O spectrum reflects a
single component, whilc the B850 excitation spectrum
contains contributions from both the BS800 and the
B850 carotenoids, due to very efficient energy transfer
from B800 to B850 [20,21]. This means that the truc
position of the B850 carotenoid band is slightly more to
the blue, and that there is a significant difference
between the two carotenoid pools. Such a difference
was not obscrved in similar excitation spectra of
RCLH,LH -liposomes (Fig. 4). Both the excitation
spectrum of the B850 caroteroids (513 nm) and the
B800 carotenoids (512.5 nm) are nearly identical to the
absorption spectrum. This indicates that the ab-
sorbance peak of the B800 carotenoids in liposomes is
indeed blue-shifted several nanometres with respect to
the B80U carotenoids in chromatophores.

Discussion

Spectral differences between chromatuphores and recon-
stituted liposomes

The most consistent interpretation of the bandshift
spectra (Fig. 1) assumes that solubilisation and/or
reconstitution of the pigmented proteins causes a slight
blue-shifi (approx. 4 to 6 nm) of the field-sensitive
carotenoids (i.e., those associated with LH ;: see Refs.
6--8). When this blue-shift is taken into account, it is
clear that the carotencids in chromatophores and in
RCLH,LH,, complexes give a mirror-respons¢ when
exposed to a membrane potential. This is caused by the
opposite orientation of the carotenoids associated with
LH,, in these two samples. The results described in
Fig. 1 make it unlikely that the complexes have been
reconstitutcd in a random orientation. In that case, a
doubling of the number of minima and maxima in the
potential-induced difference spectrum would be c¢x-
pected. Indeed, it was found that in RCLH | LH; com-
plexes, reconstituted in E. coli lipids, more than 95%
of the cytochrome ¢ binding sites were exposed to the
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external aqucous phase (Criclaard, W. and Helling-
werf, KJ., unpublished obscrvations). This is the samce
direction and degree of net orientation as observed for
RCLH;LH,, complexes from Rhodopseudomaonas
palustris after reconstitution in F. coli phospholipids
[15) and contrasts their oricntation in chromatophores.

No significant diiferences can be observed between
the absorbance spectrum of the two preparations (Fig.
2). indicating that the carotenoids which show an al-
tered spectrum after reconstitution represent only a
small part of the carotenoids present in the prepara-
tions. The major part of the carotenoids (e.g., those
associated with the RC, B850 and B875) is therefore
not mecasurably affected by reconstitution. Indecd when
emission is detected at 910 nm in chromatophores (Fig.
3; representing LH | emission and therefore both LH,
and LH, excitation) an excitation peak is recorded
which shows the same maximum as the absorbance
spectrum (513 nm).

It is clear that chromatophores contain a heteroge-
neous pool of carotenoids. showing ditterent excitation
spectru. After reconstitution only a part of this pool
(the BB(OO carotenoids) is damaged and shows an al-
tered spectrum.

The observed difference between the B80O excita-
tion spectra of chromatophores and liposomes is suffi-
cient to explain the shifted bandshift spectra of the
liposomes. This conclusion depends on the assertion
that the B800 carotenoid is the field-sensitive pigment,
However, the corrclation between the bandshift spec-
tra and the B800D excitation spectra is a very strong
indication that this is actually the case.

Electrochromic implications

The shift in the absorption peak of the B8O
carotenoid after reconstitution is probably caused by a
slight change in the conformation of the LH,, protein.
This change of conformation may cause a change in
the polarizing permanent ficld ncar the carotenoid.
According to the model of Kakitani ¢t al. [22], this ficld
(presumably resulting from charged amino acids) is
responsible for both the location of the absorpticn
peak of the B800 carotenoid and for the lincarity of iic
clectrochromic response. This proposed effect of the
protein environment on the ficld sensitivity was re-
cently confirmed by Stark cffect measurements per-
formed on the isolated B800-850 complex [23] (note
that also in these isolated complexes. as in reconsti-
tuted liposomes, no difference was detected hetween
the absorption pcaks of the different carotenoids, sug-
gesting that the B80O carotenoid in these preparations
had also been altered). In the proteoliposomes the
electrochromic response is still lincarly dependent on
the applied field [9], indicating just a small change of
the permancnt ficld.
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The existence of a ‘second pool” of cuarotenoids
(absorbing several nanometres to longer wavelengths)
was already suggested by De Grooth und Amesz [19].
Analysis of the overall carotenoid spectrum in Rh.
sphaeroides  chromatophores into Gaussian  compo-
nents, by these investigators. revealed two different
carotenoid pools. A tirst pool. containing about 355 of
the total carotenoid. which responds to  potential
changes and a second pool with absorbance maxima at
5-9 nm shorter wavelengths, which do not show ab-
sorbance changes [19]. The studies presented here con-
firm this hypothesis. We are currently trying to gain
more insight into the cxact nature of the two pools
using sitc-dirccted mutagencsis on the protein subunits
of the LH, complex.

The fact that a shift of approx. 3.5 nm to shorter
wavelengths does not abolish the field sensitivity of the
B80O carotenoid, confirms the model predicted by
Kakitani ¢t al [22]. These authors suggested that
charged residues of the antenna proteins were respon-
sible for the spectral red-shift of both the responding
and the non-responding carotenoid pools. For the lin-
ear electrochromic response it is, however, also cssen-
tial that the charge is asymmetrically distributed around
the carotenoid molecule. This means that the location
of the absorbance pcak is not cssential for clec-
trochromic response, but rather the presence of a
polarizing electrical field. This field appears to be still
large enough in the reconstituted LH |, (see also Ref.
9), since ficld-sensitivity is preserved in these reconsti-
tuted complexes.

Therefore, the data obtained with the liposomes can
be consistently explained within the electrochromic
theory [22]. This may allow the usc of carotenoid
absorbance changes as a membrane-potential-registra-
tion method in reconstituted and fused membranes.
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